Carbon nanotube tips are explored in fabricating oxide nanostructures on silicon surfaces with an atomic force microscope. Nanotubes can write nanostructures at speeds up to 0.5 mm/s over large surface areas, and present a solution to the long-standing tip-wear problem. Experimental and theoretical work find that nanotube tips are impervious to high compressive and lateral forces and breakdown in high electric fields. A ''cleaving'' method is developed to reproducibly obtain dome-closed multi-walled nanotube tips with suitable length. Nanotube materials could become key elements for future miniaturization applications.
Recently, carbon nanotubes were made into atomic force microscope ͑AFM͒ and scanning tunneling microscope ͑STM͒ tips that exhibit advanced imaging capabilities.
1 In this letter, we report the exploration of carbon nanotube tips in AFM nanolithography. The lithography scheme that we have employed is field induced anodization of hydrogen passivated Si͑100͒ surfaces in air, which uses a proximal probe tip negatively biased against the silicon surface. 2 This method for surface modification is of significant fundamental and practical interest. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] However, as a lithography approach, it has encountered a serious tip-wear problem 11 originated in the fundamental properties of tip materials.
Carbon nanotube tips employed in this work are made from both as-grown and oxidation-purified multi-walled nanotube materials synthesized by arc discharge. 13, 14 For tip making, we use an acrylic adhesive to glue a bundle of nanotubes onto the side of a silicon pyramid and shorten the individual nanotube at the end of the bundle to a suitable length.
1 All lithography with nanotube tips is carried out in tapping mode 7, 8 unless stated otherwise, with the nanotube tip biased at Ϫ7 to Ϫ15 V against the H-Si surface. 15 During lithographic scanning, we decrease the cantilever amplitude to less than 1 nm, well below the typical value of free amplitude ͑5-10 nm͒. Also, the feedback loop is kept on to strictly maintain this small amplitude as the tip scans. 3, 5, 16 We show in Fig. 1 AFM images of silicon oxide nanostructures fabricated with a dome-closed multi-walled nanotube tip ͑images recorded by the same tip͒. The nanotube tip readily fabricates ϳ10 nm wide oxide lines spaced at 100 nm over a 100 m 2 surface area in 100 s ͓Fig. 1͑a͔͒. Repeated experiments find that nanotube tips are capable of reliable fabrication of ϳ10 nm structures with great uniformity over large areas. Furthermore, the nanotube tip has survived extensive writing without wearing by depositing particle-like debris on the surface. 1 The characters written by the nanotube tip all exhibit sharp turns, indicating a straight nanotube pencil experiencing insignificant lateral bending forces during writing. Instead of pursuing the highest possible 17 raphy resolution with nanotube tips, 18 we have focused on the fundamental basis of nanotube tips as wear-resistant writing tools for AFM under ambient conditions.
To to investigate the normal compressive and lateral frictional forces experienced by a nanotube tip during lithographic writing we first study the mechanical characteristics of a nanotube tip using force calibration curves ͑Figs. 2͑a͒ and 2͑b͒͒. A wealth of information about nanotube tip radius and length, buckling force, and stiffness are obtainable. We show in Fig. 2 ϭ39.0(F B ) 1/2 nN/nm (F B in nN͒. For the current nanotube tip, k CNT ϭ571 nN/nm. Thus, the force-curve measurements can be used to elucidate the geometry of a nanotube tip without relying on transmission electron microscopy ͑TEM͒ or scanning electron microscopy ͑SEM͒ imaging of the tip itself.
Using the two-spring model 21 and by treating the nanotube tip ''spring'' that buckles beyond F B under compression, we simulate the cantilever (k c ϭ100 nN/nm͒ vibration which leads to the tip-sample forces. For the current tip, the stiffness is k CNT ϭ571 nN/nm and k CNT ϭ2(F B /L)ϭ2.24 nN/nm before and after buckling, respectively. F B /k CNT ϭ3.7 Å is the maximum compression that the nanotube can sustain before being buckled. Simulation results find that lowering the amplitude of the cantilever with 100 nN/nm stiffness from 9.6 to 0.55 nm requires the average tip-sample distance to maintained at 0.5 nm. This is consistent with the experimental lithography condition ͓arrow in Fig. 2͑b͔͒ . At equilibrium the maximum longitudinal compression of the nanotube during each tap is 0.46 Å ͑ϳ0.02% of tube length͒. The corresponding maximum compression force exerted to the nanotube tip is 24.0 nN and is much smaller than the 215 nN Euler's buckling force. This means that, once the cantilever has reached the 0.55 nm equilibrium amplitude, the nanotube is only compressed along the tube axis by less than an angstrom each time it taps on the surface. However, we find that during the transient period, the nanotube tip experiences a maximum compressive tapping force of 230 nN ͓Fig. 2͑c͒, inset͔ which is 15 nN beyond buckling. Therefore, the response of the nanotube tip is repeated buckling and recovering from buckling until the cantilever equilibrium amplitude is reached ͓Fig. 2͑c͔͒. In contrast, simulations with a stiff pyramidal tip find that, the hard-to-hard tip-surface repulsion can lead to compression forces on the order of 2 N during the transient ͓Fig. 2͑c͒, inset͔. Such strong forces are certainly among the main causes of unrecoverable mechanical breakage of conventional tips.
We find that the lateral force exerted to a nanotube tip can vanish during scanning in tapping mode lithography, where the tip-sample separation is ϳ10 Å as the cantilever is at the top of its upswing ͓Fig. 2͑c͔͒. Since the nanotube tip does pull away far enough from the surface during each oscillation cycle, the lateral force it experiences during scanning averages out to a negligible level.
After being attached to conventional pyramidal tips, nanotube assemblies tend to have an individual nanotube extending out further than the rest of the bundled tubes, and the typical length of the individual nanotube tent is Lϳ3 m ͑average diameter ϳ10 nm͒. Such a long nanotube is too soft against compression ͑stiffness ϳ30 nN/nm, buckling force ϳ1/L 2 ϳ1 nN͒. In Figs. 3͑a͒ and 3͑b͒ , we show the response of a long and soft nanotube tip under compression. We have developed a new method to modify such a tip by repeatedly cleaving nanotubes off the bundle. It involves overlaying the side of a nanotube on the sample surface for a certain length ͑microns͒, so that during scanning, the lateral frictional force between the side of the nanotube and the sample surface can provide a sufficient shear force that exceeds the van der Waals force between the nanotube and the bundle. Typically, a bias voltage of Ϫ10 to Ϫ15 V is applied between tips and sample. Consequently, the shearing force leads to nanotube cleavage due to continuous sliding of the nanotube relative to the bundle. The cleaved-off nanotube is laid on the surface permanently. Figure 3͑c͒ shows an AFM image taken by the same nanotube tip after modifications by two cleaving events. 22 When our nanotube tips are fabricated from asgrown multi-walled nanotubes, we find that the cleaving process yields nanotube tips with dome-closed ends ͑TEM data not shown͒. This is because as-grown raw nanotubes that have not gone through oxidation purification remain capped at the end. 23 We have also investigated the performance of nanotube tips in contact mode AFM lithography. This is done by pushing the nanotube tip into the sample, turning off the feedback loop, and scanning the tip using the pre-knowledge of the sample topography. By so doing, we are able to write oxide nanostructures at scanning speeds up to 0.5 mm/s, which is the highest with this lithography scheme. 3, 5, 16 Lateral frictional forces, however, do exist and bend the nanotube tip laterally during scanning, as shown in Fig. 4 . Analysis of the rounded turns shows that the nanotube tip was bent laterally by ϳ250 nm during scanning, and the corresponding lateral force was on the order of ϳ80 nN. Thus, in the constant contact mode, we are effectively performing AFM ''calligraphy'' using a bent nanotube tip.
During lithographic writing, the maximum electric field at the nanotube tip is approximately 2 V/Å. It is well known that such a strong field is capable of field evaporation of atoms. 24 We suggest that a nanotube with a dome-closed end represents the most stable tip against field evaporation among all tip materials, including refractory metals. This stability originates in the high binding energy of carbon atoms at a closed nanotube cap. Our molecular dynamics ͑MD͒ calculations find the binding energies to be 14.5 and 12.5 eV for carbon atoms on a hexagon and pentagon, respectively ͑for nanotubes with diameter larger than 2 nm͒. For a metal tip such as W, the binding energy ͓ϳ8.7 eV ͑Ref. 24͔͒ of a tip atom is significantly lowered due to its unsaturated bonding. Overall, with a sufficiently stiff nanotube tip capped at its end, it is now possible to continuously fabricate 10 nm scale structures over hundreds of square microns without wearing the tip at the atomic level. Carbon nanotubes that are derived from bottom-up chemical synthesis may become the workhorse for top-down nanofabrication.
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